Abstract Recent developments and pending issues in low-energy strong interaction physics with strangeness are summarized. Chiral SU(3) effective field theory has progressed as the appropriate theoretical framework applied to antikaon-and hyperon-nuclear systems. Topics include antikaon-nucleon interactions and the Λ(1405),KN N systems, recent developments in hyperonnucleon interactions and strangeness in dense baryonic matter with emphasis on new constraints from neutron star observations. Keywords Chiral effective field theories · strangeness · antikaon-nucleon interactons · hyperon-nucleon interactions · neutron stars PACS 12.39.Fe · 13.75.-n · 26.60.-c
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Wolfram Weise of the pseudoscalar decay constant f ∼ 0.1 GeV is characteristic of spontaneously broken chiral symmetry in low-energy QCD, for which f is an order parameter 1 . The kaon mass m K (actually the kaon energy at zero momentum) reflects explicit breaking of chiral symmetry by the non-vanishing (strange) quark mass, m 2 K being proportional to m s + m u . In the chiral limit of vanishing quark masses the corresponding threshold amplitude for the interaction of a pseudoscalar Nambu-Goldstone boson with a nucleon would vanish in accordance with Goldstone's theorem.
Confinement implies that QCD in the low-energy limit is realized as a theory of hadronic rather than quark-gluon degrees of freedom. Spontaneous chiral symmetry breaking implies further that the appropriate framework is Chiral Effective Field Theory (ChEFT), a systematic approach describing the interactions of the pseudoscalar Nambu-Goldstone bosons amongst each other and with "heavy" sources such as baryons. For the two-flavor case with almost massless u, d quarks and spontaneously broken SU (2) L × SU (2) R symmetry, chiral perturbation theory (ChPT) has been applied successfully to ππ, πN and N N scattering. Moreover, in-medium ChPT has been developed as an appropriate tool for treating the nuclear many-body problem at moderate densities (for recent reviews see [2, 3] and refs. therein).
Three-flavor QCD at low energy is represented by SU (3) L ×SU (3) R ChEFT where now the kaon mass appears prominently in the symmetry-breaking mass term. This theory involves the pseudoscalar meson octet coupled to the baryon octet. However, perturbative (ChPT) methods are in general not applicable in the sector with strangeness. This is partly a consequence of the stronger explicit chiral symmetry breaking by the strange quark mass which implies, in particular, significantly stronger interactions of antikaons as compared to those of pions near their respective thresholds. For example, the existence of the Λ(1405) just 27 MeV belowKN threshold rules out a perturbative ChPT treatment as an expansion in powers of "small" momenta. Non-perturbative strategies, based on the chiral SU (3) EFT effective Lagrangian at next-to-leading order as input but solving coupled-channels Lippmann-Schwinger equations to all orders, have been well established as the method of choice to deal with these problems [4] . While sacrificing the rigorous power-counting scheme of ChPT, the gain in physics insights using this non-perturbative approach emerges as a major benefit.
In the following, selected topics of recent interest in this field are discussed, including low-energyKN andKN N interactions, progress in understanding the nature and structure of the Λ(1405), new developments concerning hyperon-nucleon interactions derived from ChEFT, and the possible role of strangeness in dense baryonic matter in view of the established existence of two-solar-mass neutron stars. Re 
Λ(1405) Real and imaginary parts of the K − p scattering amplitude from chiral SU(3) coupled-channels dynamics [6] . The threshold points indicating the real and imaginary parts of the corresponding scattering length are constrained by the SIDDHARTA kaonic hydrogen measurement [5] . Upper panel: two-poles scenario of coupledKN and πΣ channels [7] .
2 Low-energyK-nucleon interaction and structure of the Λ(1405)
Applications of chiral SU(3) coupled-channels dynamics to threshold and substhresholdKN interactions have focused prominently on the K − p system. Its dynamics includes the K − p ↔K 0 n charge exchange channel and the strong coupling to the πΣ continuum. Goldstone's theorem implies that the driving attractive s-wave interactions are proportional to the energies of the participating pseudoscalar mesons. With input constrained by the strong interaction energy shift and width deduced from the SIDDHARTA kaonic hydrogen measurement [5] , calculated real and imaginary parts of the K − p amplitude [6] are shown in Fig. 1 . The resulting complex K − p scattering length (including Coulomb corrections) is [6] :
The uncertainties in a(K − p) derive primarily from those of the kaonic hydrogen data. Further extensions of such calculations based on chiral SU (3) effective field theory have recently been reported in [8, 9] .
The SU (3) ChEFT coupled-channels approach also predicts K − n amplitudes. While the weaker attraction in this I = 1 channel does not produce a quasibound state or resonance, the NLO calculations still suggest a sizeable K − n scattering length [6] :
Re a(K − n) = (0.57
It is important to provide empirical constraints for this quantity in order to arrive at complete information for both isospin I = 0 and I = 1 channels of theKN system. This can be achieved by accurate antikaon-deuteron threshold measurements such as the planned SIDDHARTA-2 kaonic deuterium experiment and a related proposal at J-PARC. The Λ(1405) with isospin I = 0 emerges from coupled-channels dynamics as a quasiboundKN state embedded in the πΣ continuum. A characteristic feature of the chiral SU (3) coupled-channels approach is the appearance of two poles in the T matrix (see [7] for a review and refs. therein). The calculation that leads to the amplitude in Fig. 1 produces a pole located at (E 1 , Γ 1 /2) = (1424 ± 15, 26 ± 5) MeV and a second one at (E 2 , Γ 2 /2) = (1381 ± 15, 81 ± 8) MeV in the complex energy plane. The first pole has a dominantKN bound state component. This pole is quite well determined, with its imaginary part representing the decay width into the open πΣ phase space driven by thē KN → πΣ interaction. The location of the second pole is more ambiguous, less well determined by the fits to existing scattering data and kaonic hydrogen measurements. Its dominant component reflects a broad resonance structure in the πΣ channel. The coexistence of these two coupled modes implies that the Λ(1405) is not described by a single, unique spectral function but by an entanglement of the two modes. The πΣ spectra observed in different photon-and hadron-induced reactions are expected to differ in their shape and location of their maximum, depending on which of theKN or πΣ components of the coupled modes are more strongly involved in the particular reaction mechanism at work. For example, the maximum of the π − Σ + invariant mass spectrum produced in γp → K + π − Σ + photoproduction at JLab [10] is observed around 1420 MeV, as expected for a process driven by a primary γ → K + K − vertex and followed by the t-channel exchange of the K − that is absorbed by the proton and then converted to the observed π − Σ + final state. On the other hand, the more complex hadron-induced reactions tend to emphasize more strongly the primary πΣ channels and produce a maximum in the πΣ spectrum around the nominal 1405 MeV.
Hence the Λ(1405) is obviously not a standard quark model baryon. Consider a Fock space expansion
where the first term on the r.h.s. corresponds to a "bare" three-quark state while the subsequent terms schematically describe NK and Σπ quasimolecular configurations. Actually any baryon state has an expansion of this kind. The issue is how the coefficients of this Fock expansion arrange themselves, governed by the strong interactions of the constituents. For a baryonic state in the proximity of a meson-baryon threshold, a quasi-molecular structure tends to be favored.
Topics in Low-Energy QCD with Strange Quarks In this context a recent lattice QCD study [11] of the Λ(1405) comes to interesting conclusions (see Fig.2 ). When all quarks are kept at a relatively large mass scale characteristic of the strange quark mass, the Λ(1405) behaves more like a three-quark system reminiscent of the naive quark model. As the light quarks approach their physical masses, the Λ(1405) emerges as a state with dominant quasi-molecularKN structure. This is where lattice QCD meets chiral SU (3) coupled-channels dynamics.
The Λ(1405) thus figures as prototype of a non-conventional hadronic species displaying a quasi-molecular weak-binding structure close to a threshold (in this case theKN threshold). Several cases of analogous phenomena are observed and discussed in the physics with charmed quarks close to thresholds involving D or D * mesons.
3 Brief report onKN N three-body systems Low-energy antikaon-neutron interactions are accessible through the investigation of theK-deuteron three-body system. Examples of calculations of the K − deuteron scattering length using data-constrained K − p input together with predicted K − n amplitudes are presented in Fig. 3 . Different approaches (non-relativistic EFT [12] , Faddeev [13] and three-body multiple scattering calculations [14] ) are seen to arrive at reasonably consistent results. Starting from the K − p and K − n amplitudes derived in [6] gives [14] :
with 10-20 % uncertainties [15] resulting from the "fixed scatterer" (no-recoil) treatment of the nucleons, uncertainties in the K − n amplitude and neglect of
Note that while the real parts of the individual scattering lengths (1) and (2) would tend to cancel in leading order, the 4. In summary, we have reanalysed the predictions for the kaon-deuteron scattering length in view of the new kaonic hydrogen experiment from SID-DHARTA. Based on consistent solutions for input values of the K − p scattering length, we have explored the allowed ranges for the isoscalar and isovector kaon-nucleon scattering lengths and explored the range of the complex-valued kaon-deuteron scattering length that is consistent with these values. In particular, the new SIDDHARTA measurement is shown to resolve inconsistencies for a 0 , a 1 , and A Kd as they arose from the DEAR data. A precise measurement of the K − d scattering length from kaonic deuterium would therefore serve as a stringent test of our understanding of the chiral QCD dynamics and is urgently called for. Fig. 3 Real and imaginary parts of the K − deuteron scattering length subject to empirical constraints from K − p data. (a): non-relativistic EFT calculation [12] ; (b): Faddeev calculation using separable amplitudes [13] ; (c) three-body multiple scattering calculation [14] using K − p and K − n amplitudes from [6] .
K
− pn ↔K 0 nn charge exchange process is important in determining the result (4).
Predictions for a(K − d) can in principle be tested by measuring the stronginteraction energy shift ∆E and width Γ of 1s kaonic deuterium. This requires a non-trivial three-body calculation of the K − deuteron atomic system in the presence of strong interactions, but a good estimate can already be obtained using the improved Deser formula [16] :
where µ is the kaon-deuteron reduced mass and α is the fine structure constant. With a(K − d) taken from (4) this gives ∆E = 0.87 keV and Γ = 1.19 keV, again with an estimated uncertainty of 10 -20 %.
A great amount of activities has been focused in recent times on the possible existence of quasibound antikaon-nuclear clusters, inspired by earlier phenomenological considerations [17] . A prototype example is the K − pp system. Here we briefly report on theoretical expectations using interactions that are based on chiral SU (3) dynamics with coupled channels. The present situation is summarized in Table 1 which collects results from three different variational and Faddeev three-body calculations. While these computations differ in details, there is now a high degree of at least qualitative consistency in the predictions that a possible K − pp cluster is expected to be weakly bound (with a binding energy not exceeding about 15-20 MeV), but short-lived with a width around 40 MeV or larger. Such a large width would make experimental searches for a quasibound K − pp state not an easy task. The weak-binding scenario resulting from chiral SU (3) dynamics with energy-dependent interactions and strongKN ↔ πΣ channel coupling differs conceptually and quantitatively from the earlier phenomenological picture [17] that assumes an energy-independent localKN potential and generates the Λ(1405) as a single pole in theKN amplitude. While both approaches (chiral SU (3) dynamics vs. phenomenology) reproduce kaonic hydrogen and the existing (admittedly not very accurate) K − p scattering data, they differ significantly in their extensions belowKN threshold. The energy-independent potential model would suggest a much more strongly bound K − pp state than the approach based on chiral SU (3) dynamics.
A possible way of distinguishing empirically between chiral SU (3) twopole dynamics and single-pole phenomenolgy is offered by the K − d → nπΣ reaction with an incident K − momentum around 1 GeV/c and detection of the outgoing neutron, as discussed in [21] . The neutron energy spectrum reflects the πΣ mass distribution. Below K − p threshold the spectra of the three charge combinations, π − Σ + , π 0 Σ 0 and π + Σ − , are expected to feature characteristic differences between the energy-dependent two-poles approach and the energy-independent single-pole phenomenology. A corresponding experimental proposal (E31) is on the way at J-PARC.
Several dedicated experiments are now being pursued in a focused search for a possible K − pp quasibound state. The HADES collaboration [22] has performed a detailed partial wave analysis of the pp → K + Λp reaction with 3.5 GeV incident protons. A possible quasibound K − pp cluster should show up via its decay into Λp. No significant signal was found, and an upper limit for the cluster production cross section of about 1 -4 µb has been deduced depending on the assumed width of the hypothetical K − pp quasibound state. Further recent examples of dedicated activities are the 3 He(K − , n)X (E15) [23] and d(π + , K + )X (E27) [24, 25] experiments at J-PARC. The first set of E15 data [23] shows no structure in the deeply-bound region but a small excess below K − pp threshold in the energy range expected for a possible weaklybound cluster. On the other hand, E27 observes a very broad structure in a range 60 -140 MeV below K − pp threshold [25] . While definitive conclusion cannot be drawn so far, the more focused exclusive measurements and analysis of the final state X continue.
Hyperon-nucleon interactions and strangeness in dense matter
Along with successful applications to kaon-and antikaon-baryon systems, chiral SU (3) effective field theory provides also the appropriate framework for a theory of hyperon-nucleon interactions. Recent progress has been made [26] in developing this ChEFT framework at next-to-leading order (NLO) such that in line with the data even up to the ΣN threshold. ce on the cutoff mass is strongly reduced in the NLO O and the NLO bands do not overlap. This is partly s not as precise as at NLO (cf. the total χ 2 values in en by the cutoff variation and thus can be considered periments is provided in Table 5 . There we list the es for each data set that was included in the fitting achieved in the range Λ = 500-650 MeV. Here, in k cutoff dependence so that one can really speak of e χ 2 increases smoothly while it grows dramatically Author's personal copy also in Table 3 and denoted by NLO † (650). Clearly in this case S Λ is significantly larger. A closer inspection of the respective partial-wave contributions reveals what one expects anyway, namely that the main difference is due to the antisymmetric spin-orbit force whose contribution is given in the column labelled with 1 P 1 ↔ 3 P 1 . It is zero for the LO interaction (because there is no antisymmetric spin-orbit force at that order) and also for the original NLO interaction, where it has been assumed to be zero. With the corresponding contact term included its strength can be used to counterbalance the sizeable spin-orbit force generated by the basic interaction so that the small S Λ is then achieved by a cancellation between the spin-orbit and antisymmetric spin-orbit components of the G-matrix interaction. Note, however, that the results in Table 3 indicate that such a cancellation is not the only mechanism that can provide a small spin-orbit force. For example, let us look at the predictions for the interaction (denoted by) NLO (600 * ), where all two-meson-exchange contributions involving the η-and/or K meson have been omitted. Here, a very small S Λ is achieved without any antisymmetric spin-orbit force. It is simply due to overall more repulsive contributions, notably in the 3 P 0 and 3 P 2 partial waves. We want to emphasize that the interaction NLO (600 * ) reproduces all ΛN and ΣN scattering data with the same high quality as the other EFT interactions at NLO, see the results in Ref. [4] . Finally, it is worthwhile to mention that also the Jülich meson-exchange potentials predict rather small values for the Scheerbaum factor. For both interactions there is a substantial contribution from the antisymmetric spin-orbit force which is primarily due to vector-meson (ω) exchange [32] . The magnitude is comparable to the one of the chiral EFT interaction at NLO.
The dependence of S Λ on k F can be seen in Fig. 2 . Obviously, except for the LO interaction, the density dependence is fairly weak. A weak density dependence of S Λ was also observed in Ref. [20] in a calculaton of the Scheerbaum factor for a YN interaction based on the quark model.
Let us now come to the Σ hyperon. In the course of constructing the NLO EFT interaction [4] it turned out that the available YN scattering data can be fitted equally well with an attractive or a repulsive interaction in the 3 S 1 partial wave of the I = 3/2 ΣN channel. Indeed the underlying SU(3) structure as given in Table 1 of Ref. [4] suggests that there should be some freedom in choosing the interaction in this particular partial wave. From that table one can see that the 3 S 1 partial wave in the I = 3/2 ΣN channel belongs to the "isolated" 10 representation so that 9 LO NLO Λp 1 S 0 Fig. 4 Left: Singlet s-wave Λp phase shift derived from the haperon-nucleon interaction based on chiral SU (3) EFT [26] in leading (LO) and next-to-leading order (NLO). Uncertainty bands refer to variations within a range of momentum space cutoffs 0.5 -0.7 GeV. The dashed curve is the result obtained with the phenomenological Jülich04 potential. Right: Single particle potential U Λ of a Λ hyperon in nuclear matter as function of Fermi momentum [27] . Notations as in the left figure. the relevant one-and two-meson exchange mechanisms involving the complete pseudoscalar meson octet are properly incorporated. The important two-pion exchange ΛN interaction with ΣN intermediate states emerges naturally in this approach. Fig. 4 (left) shows as an example the momentum dependence of the 1 S 0 phase shift for Λp scattering calculated in such a framework. While the leadingorder (LO) result displays attraction over the whole range of momenta, the NLO calculation shows a turnover from attraction at low momenta to repulsion at high momenta. This behavior is qualitatively consistent with characteristic features of hyperon-nucleon potentials deduced from lattice QCD [28] where it is found that intermediate-range attraction turns to strong short-range repulsion at distances r 0.5 fm. The Λ single particle potential U Λ in nuclear matter derived from a Brueckner G-matrix calculation using the ChEFT interaction (with inclusion of the dominant Fig. 4  (right) . The dependence of U Λ on the nuclear Fermi momentum k F demonstrates the stabilization of the NLO potential at values consistent with properties of Λ hypernuclei. Repulsive effects are expected to act more prominently at higher densities, several times the density of normal nuclear matter ( 0 0.15 fm −3 ). Such repulsive interactions of the Λ with nucleons in dense baryonic matter are presently under active discussion in view of the new constraints implied by the existence of massive neutron stars. The recent observation of two neutron stars with M 2M sets strong constraints on the required stiffness of the equation of state (EoS) in order to support such objects against gravi-the predicted maximum mass with respect to the PNM case. The attractive feature of the two-body ΛN interaction leads to the very low maximum mass of 0.66(2)M ⊙ , while the repulsive ΛNN potential increases the predicted maximum mass to 1.36(5)M ⊙ . The latter result is compatible with Hartree-Fock and Brueckner-HartreeFock calculations (see for instance Refs. [2] [3] [4] [5] ). [18] and PSR J0348+0432 [19] . The grey shaded region is the excluded part of the plot due to causality.
The repulsion introduced by the three-body force plays a crucial role, substantially increasing the value of the Λ threshold density. In particular, when model (II) for the ΛNN force is used, the energy balance never favors the onset of hyperons within the the density domain that has been studied in the present work (ρ ≤ 0.56 fm −3 ). It is interesting to observe that the mass-radius relation for PNM up to ρ = 3.5ρ 0 already predicts a NS mass of 2.09(1)M ⊙ (black dot-dashed curve in Fig. 2 ). Even if Λ particles would appear at higher baryon densities, the predicted maximum mass is consistent with present tron bulk at least until ρ = 0.56 fm and the lower limit for the predicted maximum mass is 2.09(1)M ⊙ . Therefore, within the ΛN model that we have considered, the presence of hyperons in the core of the neutron stars cannot be satisfactory established and thus there is no clear incompatibility with astrophysical observations when lambdas are included. We conclude that in order to discuss the role of hyperons -at least lambdas -in neutron stars, the ΛNN interaction cannot be completely determined by fitting the available experimental energies in Λ hypernuclei. In other words, the Λ-neutron-neutron component of the ΛNN will need additional theoretical investigation and a substantial additional amount of experimental data. In particular, there are some features of the hyperon-nucleon interaction (Λ-neutronneutron channels, spin-orbit contributions) which might be efficiently constrained only by experiments involving highly asymmetric hypernuclei and/or excitation of the hyperon. We believe that our conclusions will not change qualitatively if other hyperons and/or a v ΛΛ are included in the calculation. tational collapse. An EoS based on ChEFT with "conventional" nucleon and pion degrees of freedom can produce sufficient pressure at high density, generated by repusive three-body forces and the impact of the Pauli principle on the in-medium nucleon-nucleon effective interaction [29] (see Fig. 5 ). However, neutrons in the core of the star tend to be replaced by Λ hyperons at densities (typically around 2-3 0 ) where this becomes energetically favorable. Then the EoS would soften too much so that maximum neutron star masses of 2M cannot be sustained any more.
A recent advanced quantum Monte Carlo (QMC) computation of neutron star matter, with hyperons added [30] , emphasizes this issue. While this calculation still uses phenomenological ΛN input interactions, the conclusions are nonetheless instructive. When parametrized repulsive ΛN N three-body forces are added subject to the condition that the systematics of hypernuclear binding energies be reproduced, the admixture of Λ's in neutron star matter gets strongly reduced such that the pressure to support a 2M star can be maintained as demonstrated in Fig. 5 . The pending question is whether the necessary repulsive effect can be entirely relegated to a hypothetical ΛN N three-body force, or whether at least a large part of it comes from momentumdependent ΛN two-body interactions as they appear in the SU (3) ChEFT treatment [26] at next-to-leading order.
Concluding remarks and summary
Progress has been made in establishing chiral SU (3) effective field theory as the adequate realization of low-energy QCD with strange quarks. It defines a consistent and well organized coupled-channels framework for kaon-, antikaon-and hyperon-nuclear interactions. The investigation of strangeness S = −1 systems with baryon number B = 1, 2 has reached a more detailed understanding of the Λ(1405) as a weakly bound (quasi-molecular)KN state imbedded in the strongly coupled πΣ continuum. Threshold and subthresholdKN N physics is proceeding towards a focused experimental program. Concerning the role of strangeness in dense baryonic matter, new constraints imposed by the existence of two-solar-mass neutron stars and the required stiffness of the equation of state imply a quest for strong short-distance repulsion in hypernuclear twoand three-body interactions. Lattice QCD studies are on their way to provide further basic information on these issues.
